Background/Aims: Due to the lack of specific markers, the isolation of pure mesenchymal stem cells (MSCs) from murine bone marrow remains an unsolved problem. The present study explored whether the neural ganglioside GD2 could serve as a single surface marker to uniquely distinguish murine bone marrow MSCs (mBM-MSCs) from other marrow elements. Methods: Immunocytochemistry and flow cytometry, in combination with quantitative RT-PCR, were used to identify the expression of GD2 on culture-expanded mBM-MSCs. GD2
Introduction
In recent years, mesenchymal stem cells (MSCs) with their capability of self-renewal and multi-differentiation potential have been considered as an ideal source for cell and gene therapy strategies [1] [2] [3] . However, before MSCs application in humans, the extensive preclinical studies must be carried out in animal models to confirm their safety and efficacy [4, 5] . Many pre-clinical studies have been carried out in the mouse [6] [7] [8] , which is a widely used mammalian physiological and pathophysiological model. MSCs isolation from human bone marrow is classically performed by adhesion to plastic [9] . However, this standard method is not suitable for the isolation of murine bone marrow MSCs (mBM-MSCs). Compared to human BM-MSCs, murine BM-MSCs are more readily contaminated by other bone marrowderived adherent cells such as fibroblasts, macrophages or hematopoietic cells [10] [11] [12] . In addition, no specific marker has been reported for mBM-MSCs, although a combination of expressing Sca-1 and CD44 and not expressing CD45 and CD11b has been used to identify mBM-MSCs [13] [14] [15] . Thus the mBM-MSCs identified using the currently methods most likely represent a heterogeneous cell population, which will prohibit further studying their therapeutic potential and complicate data interpretation. Therefore, there is an urgent need for novel markers and methods to isolate a pure MSCs population from mouse bone marrow. Recently a novel surface marker neural ganglioside GD2 has been reported to be expressed on human BM-MSCs, both in vivo and following expansion in culture. Importantly, MSCs are the only cells within the normal marrow that express this marker, which appears to be the first reported single surface marker that uniquely distinguishes MSCs from other marrow elements [16] . Moreover, our recent study has demonstrated the expression of GD2 in cultured MSCs from umbilical cord (UC-MSCs), suggesting that GD2 can be used for the identification and purification of human UC-MSCs [17] .
Here, we reported that BM-MSCs from various murine strains expressed GD2, while fibroblasts and macrophages did not. On the basis of these observations, we established a novel and efficient method to isolate a homogenous cell population of BM-MSCs from the heterogeneous mixture of murine bone marrow cells using GD2 immunosorting and further analyzed the phenotypic and functional characteristics of this cell population.
Materials and Methods

Cell isolation and culture
All experiments were performed under institutionally approved protocols for the use of animals in research. BM samples were obtained from 3 inbred strains of mice (Institute of Experimental Animals, Beijing, China): C57BL/6, BALB/c and FVB/N and mBM-MSC were collected from at least 3 mice of each strain. Male mice 2 to 8 weeks old were used, and they were individually killed by CO2. mBM-MSCs were isolated according to a protocol modified from Kopen et al. [18] . Briefly, bone marrow was collected by flushing femurs and tibias with growth medium, which consisted of DMEM/DF12 medium (Gibco) and 10% fetal bovine serum (HyClone), supplemented with 10ng/mL vascular endothelial growth factor (VEGF; Sigma), 10ng/mL epidermal growth factor (EGF; Sigma), 100U penicillin/streptomycin (Sigma) and 2mM L-glutamine (Gibco). Cells were then plated at a density of 2×10 6 cells/cm 2 in non-coated T-25 or T-75 cell culture flasks (Beckon Dickinson). After 3 days, the medium was replaced and non-adherent cells were removed. Once 90% confluence had been reached, adherent cells were harvested by 0.25% trypsin-EDTA (Gibco), and then replated. The medium was changed every 3-4 days.
Bone marrow-derived macrophages from 4-week-old C57BL/6 mice were prepared as described previously [19] . Mouse fibroblasts were isolated from skin of 1-day-old C57BL/6 mice as reported previously [20] . A melanoma cell line was cultured in DMEM (Gibco) with 20% FBS (HyClone), serving as the positive control.
Cell separation mBM-MSCs from 4-week-old C57BL/6 mice (P2) were incubated with murine monoclonal antibody against GD2 (clone 14.G2A, BD Biosciences) for 30 min at 4°C. Then cells were incubated with beads 
Flow cytometry
Abs were obtained from BD Biosciences unless stated otherwise. mBM-MSCs (n=3, p2) obtained from 3 different mouse strains aged 4 weeks old were respectively stained with murine monoclonal antibody against GD2 and FITC-conjugated goat anti-mouse secondary antibody. Staining without the primary anti-GD2 antibody served as a negative control. Using the same methods, the analysis was performed on mBMMSCs from 2-to 8-week-old C57BL/6 mice. GD2
-or unsorted cells from 4-week-old C57BL/6 mice were respectively stained with PE-conjugated antibodies against CD45, CD11b, Sca-1, CD105 and SSEA-1, or FITC-conjugated antibodies against CD34 and C-kit. Rat isotypic antibodies served as the control. In addition, GD2
+ , GD2 -and unsorted cells were respectively stained with rabbit anti-Nanog antibody and FITC-conjugated goat anti-rabbit secondary antibody (Chemicon). Staining without the primary anti-Nanog antibody served as a negative control. Cells were stained in single label and then analyzed by flow cytometry with a FACScan (Becton Dickinson).
Immunocytochemistry mBM-MSCs (P2), fibroblasts, macrophages and melanoma cells were cultured on the sterile chamber slides. After 2 days, cells were fixed in 4% paraformaldehyde (Sigma) and were incubated with primary antibodies against GD2.The reaction was visualized with a biotinylated goat anti-mouse secondary antibody with ABC substrate (Zymed). All slides were counterstained with hematoxylin for 2 minutes.
CFU-F assay
Equal number (3x10
-or unsorted cells were respectively seeded in T-25 flasks. Medium was replaced every three days. After 14 days in culture, the flasks were washed twice, fixed with 100% methanol, and stained with 3% Crystal violet. Three replicate plates were used for the experiments to obtain a mean value. Cell clusters consisting of at least 50 fibroblasts were scored as a CFU-F colony.
Proliferation assay GD
-or unsorted cells were respectively seeded in triplicate in 96-well plates (2x10 3 cells/well). Three replicas were performed for each cell population. Ten microliters of sterile cell counting kit-8(cck-8) (Beyotime) were added to each well and incubated for 3h at 37℃. The viable cell numbers was determined every 3 days for 12 days. The optical density values were determined at least in triplicate against a reagent blank at a test wavelength of 450 nm and reference wavelength of 630 nm.
Multi-lineage differentiation
In the same conditions, unsorted and GD + cells were induced to osteoblasts and adipocytes as previous described [11] . All the reagents for induction were purchased from Sigma. The adipocytes were stained with Oil Red O and the osteoblasts with von Kossa according to published protocols. The unsorted cells were plated in expansion medium as the control. incubation for 2 weeks in growth medium, the cells with a spindle-shape characteristic of MSCs appeared to predominate in the cultures. Using the protocol described previously, we succeed in isolating mBM-MSCs from 3 mouse strains: C57BL/6, BALB/c and FVB/N. At passage 2, the culture-expanded cells were collected to assess GD2 expression by flow cytometry. The result showed that mBM-MSC from C57BL/6, BALB/c and FVB/N mouse all expressed high levels of GD2 (63.66±2.47%, 73.88±0.81% and 63.44±1%, respectively) (Fig. 1A) . We further analyzed the expression of GD2 on mBM-MSCs from C57BL/6 mice by immunocytochemistry. Melanoma cells were chosen to serve as positive control. The immunocytochemical stain revealed that mBM-MSCs showed a pancellular expression of GD2, but fibroblasts and macrophages did not express this marker (Fig. 1B) .These results were further supported by RT-PCR analysis which showed mBM-MSCs also expressed the mRNA for GD2 synthase, a key enzyme for GD2 biosynthesis, while fibroblasts and macrophages lacked GD2 synthase expression. 474 bp PCR products of GD2 synthase in melanoma cells served as a positive control (Fig. 1C) . Importantly, flow cytometric analysis revealed that the expression level of GD2 showed a gradual decrease with the age of mice (Fig. 1D) .Furthermore, we observed that the GD2 expression on mBM-MSCs gradually decreased along with the induction into osteoblasts or adipocytes (Fig. 1E) .
Flow cytometry analysis
Using immunomagnetic beads, cultured mBM-MSCs from C57BL/6 mice were divided into GD2
+ and GD2 -cells. Then we investigated the expression of CD34, C-kit, CD45, CD11b, Sca-1 and CD105, which are cell surface markers associated with MSCs, on GD2 + , GD2
-and unsorted cells. In addition, we observed the expression of SSEA-1 and Nanog, the embryonic stem cells markers, on these three fractions. The flow cytometric analysis showed that unsorted mBM-MSCs of the second passage still reacted with anti-CD34 (6.49±1.27%), C-kit (12.26±2.03%), CD45 (25.57±3.6%) and CD11b (16.4±1.89%) mAbs. In contrast, GD2 + cells were negative for these hematopoietic antigens (0.39±0.4%, 0.82±0.1%, 0.84±0.1% and 0.94±0.1%, respectively). However, GD2
-cells expressed significantly higher levels of the hematopoietic antigens: CD34 (17.26±1.72%), C-kit (21.73±2.43%), CD45 (43.82±5.04%) and CD11b (27.91±8.38%)(p<0.01). Furthermore, the percentages of cells positive for anti-Sca-1 (71.11±2.99%) and CD105 (76.23±10.72%) in GD2 + cells were much higher than those in GD2
-(21.65±4.77% and 42.21±0.86%) and unsorted cells (33.34±3.89% and 64.85±0.87%)(p<0.01). Notably, SSEA-1 and Nanog expression of GD2 + cells (51.52±3.54% and 50.15±8.47%) was much higher than unsorted cells (9.67±0.71% and 16.12±4.53%) but GD2 -cells hardly expressed these markers (0.85±0.11% and 0.23±0.14%)(p<0.01) (Fig. 2) .
Clonogenicity and proliferation assays
Our results showed that GD2 + cells displayed significantly more colony forming unitsfibroblasts (CFU-F) than unsorted cells in vitro. However, GD2
-cells never showed any (Fig. 3A) . GD2 + cells yielded significantly higher number of CFU-F colonies (61.97±3.85%) than unsorted cells (24.65±4.88%) (p<0.01) (Fig. 3B) . In addition, GD2
+ cells had a much higher proliferation rate compared to unsorted cells in 3, 6, 9 and 12 days(p<0.01 and p<0.05). However, GD2
-cells had a very low proliferation rate (p<0.01) (Fig.  3C) .
Multi-lineage differentiation assays
To compare the multi-lineage potential of GD2-sorted cells to unsorted cells, we cultured unsorted and GD2 + cells in adipogenic and osteogenic medium at the same density. After 21 days of induction, unsorted and GD2 + cells were stained positively with oil red O and von Kossa. However, lipid droplets and calcium deposits were not detected in the control groups. Moreover, oil red O and von Kossa staining showed that GD2 + cells were able to form adipocytes and osteoblasts more readily than unsorted cells (Fig. 4A) . The results were supported by RT-PCR analysis which showed in two lineages GD2 + cells had higher gene expression than their parental cells but the control groups had no expression of these genes. + and GD2 -cells was determined by cck-8. The viable cell numbers was determined every 3 days for 12 days. Data represented mean ± SD (n=3), *p<0.05, **p<0.01, # p<0.01. Abbreviations: CFU-F, colony forming unit -fibroblast; UN, unsorted cells; GD2
In adipogenesis, the expression of Adipsin and LPL in GD2 + cells was significantly higher than the parental cells (6 fold and 3 fold, respectively) (p<0.01 and p<0.05). In contrast to their parental cells, CBFA1, Collage І and OC expression was rather high in induced GD2 + cells in osteogenesis (2.2 fold, 1.9 fold and 1.6 fold, respectively)(p<0.05) (Fig. 4B) . + cells showed the different differentiation capability to adipocytes (Oil Red O stain) and osteoblasts (von Kossa stain). The unsorted cells were plated in expansion medium as the control. Scale bar=100μm. (B) Semi-quantification of mRNA levels of adipogenic and osteogenic specific genes in three groups. The adipogenic specific genes (Adipsin, LPL) and osteogenic specific genes (CBFA1, Collagen І, OC) were separated in 1.5% agarose gels (left). The relative value of each preparation is calculated by the gray numerical value of each specific product vs. that of β-actin (right). The average data of each preparation are evaluated based on three independent reactions and represented as mean ± SD. *p<0.05, **p<0.01(right).Abbreviations: LPL, lipoprotein lipase; CBFA1, core-binding factor-1; OC, osteocalcin.
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Discussion
Despite their potential use in pre-clinical investigations, the identification and purification of murine MSCs have not been well developed. Compared to human MSCs, murine MSCs are far more difficult to be isolated from bone marrow due to the unwanted growth of non-MSCs in both primary and passage cultures [10] [11] [12] . Recently the report of a novel surface marker neural ganglioside GD2 distinguishing MSCs from other marrow elements [16] and our previous study demonstrating expression of GD2 in cultured UC-MSCs [17] , have led us to consider that GD2 might be used as a maker for the identification and purification of murine BM-MSCs. To test this hypothesis, we used several experimental approaches to detect the expression of GD2 on mBM-MSCs, followed by further characterization of the cell populations sorted by GD2.
Our immunocytochemical and flow cytometric analysis revealed that GD2 was expressed on culture-expanded mBM-MSCs, and not on fibroblasts and macrophages. These results were further supported by RT-PCR analysis which showed expression of GD2 synthase, a key enzyme involved in GD2 synthesis, in mBM-MSCs but not in fibroblasts and macrophages. In addition, mBM-MSCs from various murine strains (C57BL/6, BALB/c and FVB/N) all expressed GD2. These results strongly suggested that the mBM-MSCs expressed GD2, which might be used to identify a homogenous population of MSCs within murine bone marrow.
We sorted both GD2 + and GD2 -fractions from mBM-MSCs cultures based on GD2 expression. As previously reported [13] [14] [15] , the flow cytometric analysis showed that unsorted mBM-MSCs of second passage expressed hematopoietic antigens CD45 and CD11b or progenitor/stem cell antigens CD34 and C-kit, indicating existence of hematopoietic cells in this population. However, these surface markers were not present in GD2 + fractions. In contrast, GD2
-fractions expressed high levels of these antigens. These results indicated that hematopoietic cells could be eliminated from bone marrow cultures in early passages by GD2 immunosorting. Tropel et al. found that even after eliminating granulo-monocytic cells using CD11b antibody, such cells continued to exist in the culture one week after immunodepletion [15] . We found that Sca-1 expression on GD2 + fractions was higher than unsorted fractions, which is in agreement with previous reports demonstrating expression of Sca-1 on cultured murine MSCs [13, 14, 21] . Moreover, we observed that both the GD2 + and GD2 -fractions expressed CD105, suggesting that this marker alone was not sufficient to distinguish MSCs from other cell populations. It has been reported that MSCs present a similar cell surface phenotype to terminally differentiated fibroblasts, including expression of CD105 [22, 23] .
Notably, the GD2 + fractions maintained a higher level of SSEA-1, an embryonic stem cells marker [24] , which was reported to define the most primitive progenitors in the adult murine bone marrow mesenchymal compartment [25] , compared to the unsorted and GD2 -fractions. Meanwhile the GD2 + fractions expressed a much higher level of Nanog, a key transcription factor for the maintenance of the undifferentiated state of ES cells [26] , in comparison to the unsorted and GD2
-fractions. Furthermore, we observed that GD2 expression gradually decreased with age and disappeared once mBM-MSCs had differentiated into osteoblasts or adipocytes. Taken together, our results strongly suggested that GD2 likely identifies an early population of MSCs in murine bone marrow. This hypothesis was further supported by the following results. First, the results showed that the GD2 + cells displayed a significantly higher number of CFU-F colonies as well as a higher proliferation rate compared to the unsorted cells. The GD2
--sorted cells failed to grow. Second, there was a significant difference in the differentiation potential between the GD2 + and unsorted cells. Oil Red O and von Kossa staining revealed that GD2 + cells were able to form adipocytes and osteoblasts more readily than the parental cells. Consistent with these observations, there was a significant up-regulation of adipogenic and osteogenic specific genes in the induced GD2 + cells. Collectively, these studies suggested that GD2 marked the early precursor cells of mBM-MSCs.
In conclusion, our studies demonstrate that GD2 identifies a primitive subpopulation of mBM-MSCs and that it can be used as a novel marker for isolating murine MSCs from bone
